Osteoporosis is a bone disease that is associated with a decrease in bone mineral density, deterioration of bone microarchitecture and increased fracture risk. Currently, available treatments mainly focus on either inhibiting osteoclast function, such as administration of bisphosphonate, calcitonin, oestrogen, selective oestrogen receptor modulator and so on, or stimulating osteoblasts, such as parathyroid hormone, to improve bone mass and skeletal microarchitecture. However, there is no option that is completely satisfactory because of the limitations of monotherapy with either class. Thus, it is highly appealing to investigate novel drugs with both antiresorptive and osteoanabolic activities that have the potential to be more beneficial than monotherapy because of the different mechanism of action. As has been proven in previous study that andrographolide (AP), as a key herbal medicine, could suppress osteoclast formation and function both in vivo and in vitro. The purpose of this present study was to identify the effect of AP on osteoblast differentiation and oestrogen deficiency einduced osteoporosis. It was concluded that AP significantly reduced oestrogen deficiency einduced bone loss in vivo. Furthermore, it was proved that tumor necrosis factor alpha severely impaired bone morphogenetic protein-2 (BMP-2)einduced osteoblast differentiation, and this inhibition could be greatly attenuated by AP. This was further supported by the fact that AP significantly increases the expression of osteoblast-specific markers, including runtrelated transcription factor-2, osteocalcin and osteopontin. In addition, molecular analysis revealed that AP greatly ceased tumor necrosis factor alphaemediated stimulation of nuclear factor kappa-B activity, whereas overexpression of the nuclear factor kappa-B subunit p65
Introduction
Bone is a kind of organ which is rigid but dynamic, and it is shaped and maintained continuously. A balance between delicate osteoblastic bone formation and resorption can repair the strength and integrity of bone. However, if the rate of bone resorption is higher than that of bone formation, it will cause adult skeletal diseases, including osteoporosis. In particular, with increased longevity and unhealthy lifestyles, osteoporosis, a skeletal disorder which features reduced bone mineral density, deteriorated bone microarchitecture and higher fractures risk (particularly in the hip), is a major concern. This could create severe issues, such as substantial skeletal deformity, pain and functional limitation, and could enhance mortality, which is a serious burden for the economy (NIH Consensus, 2001) .
To prevent and treat osteoporosis, antiresorptive drugs are still the cornerstone of therapy [1e4]. However, current antiresorptive drugs, although useful, are not completely satisfactory, in general, because they are not related to theatrical growth in bone mass. The coordination of anabolic and antiresorptive treatment may be required for the optimal treatment of osteoporosis. Through the stimulation of bone formation, based on bone quality improvement and bone mass increase, fracture incidence may be reduced by anabolic agents. At present, there is only one anabolic agent with approval from the US Food and Drug Administration, that is, recombinant human parathyroid hormone (PTH); however, its effect is greatly attenuated without the continuous use of antiresorptive drugs [5e7] . Moreover, PTH cannot be administered to patients who have osteosarcoma. In addition, there is distrust in its use as several observational studies do not fully support the combination of two drugs in the same class [8, 9] . Romosozumab, a monoclonal antibody targeting sclerostin, can increase trabecular and cortical bone volume and strength through promoting bone formation and reducing bone resorption simultaneously. However, studies have shown that the bone-forming effects of romosozumab are attenuated over time, whereas its antiresorptive effects persist [10] . It is also reported that the number of adjudicated severe cardiovascular events is higher in the romosozumab group than in the alendronate group [11] . Based on the aforementioned analysis, it is imperative to develop new drugs with both anabolic and antiresorptive functions.
Historically, natural compounds and their derivatives were deemed priceless because they are a source of therapeutic agents. Many natural compounds have positive effects on the skeleton because of their counteractive effect [12e14]. As a key herbal plant from which medicine is derived, Andrographis paniculata is widely used in Southeast Asian countries. It is widely used in the clinic for fever treatment, inflammation, diarrhoea and other infectious diseases without any obvious side effects [15e17]. A. paniculata is one of the main sources of diterpene lactones, and andrographolide (AP) is one of the factors that contain 70% of the plant extract [18] . It was shown in many studies that AP has antiinflammatory, anticancer and hepatoprotective activities by acting in different signaling pathways such as nuclear factor kappa-B (NF-kB) and p38 phosphatidyl inositol 3-kinase/Akt pathways [19e23] . In previous study, through attenuating the NF-kB signaling pathway, it was shown that osteoclast formation and function are suppressed by AP. The aim of this article is to determine the influences of AP on the differentiation of osteoblasts and bone formation in rats. Considering fragile fractures, we investigated the influences of AP on vertebral biomechanical features in ovariectomized rats.
Materials and methodologies
Media and reagents AP was bought from Sigma-Aldrich (USA), and Alpha minimum Eagle's medium (Alpha-MEM), foetal bovine serum and penicillin were bought from Gibco BRL (Gaithersburg, MD, USA). However, the CCK-8 assay kit was bought from Dojindo Molecular Technology (Japan). Tumor necrosis factor alpha (TNF-a) and BMP-2 were bought from R&D Systems (USA).
Rat ovariectomy surgery and bone formation assay
The animal experimental and surgical procedure were carried out in the Animal Laboratory, Shanghai Ninth Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China. National guidelines for the care and use of laboratory animals have been observed. The animal experimental protocols was approved by Shanghai Ninth Hospital, Shanghai Jiao Tong University School of Medicine, Animal experimental ethic Committee. Forty-eight female SpragueeDawley rats aged 24 months, bought from Sino-British Sippr/BK Lab Animal Ltd, Shanghai, in China, were equally classified into three groups: (1) sham; (2) ovariectomy (OVX) and (3) ovariectomy plus AP (OVX þ AP) (50 mg/kg/day) [24e26]. One month after surgery, AP was administered orally once a day for 60 days. Tetracycline, alizarin red and calcein were injected subcutaneously for bone labelling 15, 7 and 2 days before sacrifice to obtain a fluorescent label at the sites of active bone-forming surfaces. At sacrifice, we collected samples of blood and bone. Then, the fourth lumbar vertebra (L4) was dissected for analysis by microcomputed tomography (micro-CT) and histomorphometry in sequence (with four sample reduplications), along with biomechanical testing. Meanwhile, L4 was fixed in 4% paraformaldehyde (PFA) and embedded in methyl methacrylate (with four sample reduplications). Unstained transverse sections were examined with a fluorescent microscope. Mineral appositional rate (MAR) and bone-formation rate were measured using the OsteoMeasureXP Software (OsteoMetrics, Inc., GA, USA) (with four sample reduplications).
Micro-CT and histomorphometry analysis
We scanned L4 with a high-resolution micro-CT scanner (Skyscan 1072; Skyscan, Aartselaar, Belgium), as previously described [27] . We measured the microstructural indices of trabecular bone density (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular space (Tb.Sp). For histological examination, we fixed L4 in 70% ethanol and stained with hematoxylin and eosin (H&E). Four samples in each group were analysed for reduplication.
Biomechanical testing
To subject the vertebra to three-point bending and axial compression, we used a servohydraulic testing machine (MTS 858 Mini Bionix II; MTS Systems Corp., Minneapolis, MN, USA). L4 was subjected to compression at a displacement rate of 6 mm/min. We used TestStar II Electric-hydraulic Servo Universal Test software (MTS Systems Corporation, MN, USA) to conduct the analysis of the loadedeformation curves. By following the fracture of the specimen, we measured and recorded the force and displacement data. The following biomechanical parameters were confirmed by the loadedeformation curve, including maximum load (N; the load at the maximum failure point) and Young's modulus (GPa; maximum slope of the stressestrain curve). Four samples in each group were analysed for reduplication.
Serum osteocalcin and P1NP
Serum osteocalcin and P1NP were measured using an ELISA MK127 kit (Takara Shuzo, Kyoto, Japan) based on the instructions of the manufacturer. There were 12 samples in each group for reduplication.
Primary cell isolation and culture
The femurs of the rats were incubated in complete culture media for proliferation, from which bone marrow stromal cells (BMSCs) were extracted. When confluence reached 90%, we used phosphate-buffered saline to wash cells and for trypsinization to harvest BMSCs.
Fluorescence-activated cell sorting
The BMSCs taken from the rats were layered onto a lymphocyte-M gradient (Cedarlane Laboratories, Burlington, Ontario, Canada). We collected and incubated the cells with allophycocyanin-conjugated anti-CD140a for 30 min. We cleaned the cells twice and conducted the analysis based on the Cytomics FC500 (Beckman Coulter, Fullerton, CA, USA).
Cytotoxicity assay
The influence of AP proliferation was determined with a Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technology) based on the instructions of the manufacturer. The primary BMSCs were plated in 96-well plates with the density of 5 Â 10 3 cells/well with three replications. We used increasing concentrations of AP to treat the cells 24 h later (0, 2, 10, and 20 mM) for 2 days. Then, we added 10 ml of CCK-8 in each well and incubated these plates at 37 C for 2 h. Through an ELX800 absorbance microplate reader (Bio-Tek, USA), which had a wavelength of 450 nm (650 nm reference), optical density was measured.
Alizarin red S staining
During the late period of osteogenic differentiation, calcium deposition was examined by alizarin red S staining, following the manufacturer's instructions. In brief, we used cold phosphate-buffered saline to clean the cultured cells, fixed the cells for 15 min in 4% PFA and stained with 0.2% alizarin red S solution (Sigma-Aldrich) for 30 min. To remove nonspecific precipitation, we used deionized water to clean the stained cells thoroughly. Calcium deposits on the differentiated cells were represented by positive red staining.
Quantitative polymerase chain reaction analysis
Each well was seeded with BMSCs in 24-well plates with the density of 1 Â 10 6 cells with three replications. Using an RNeasy Mini kit (Qiagen, Valencia, CA, USA), total RNA was prepared based on the instructions of the manufacturer. In addition, reverse transcription reaction(TaKaRa Biotechnology) was performed, and we synthesized cDNA from 1 mg of total RNA. Real-time PCR was performed using the SYBR Premix Ex Tag kit (TaKaRa Biotechnology, Beijing, China) in an ABI 7500 (http://www.takara.com.cn) Sequencing Detection System. The following PCR conditions were programmed with the detector: 40 cycles for 5 s denaturation at 95 C and 34 s amplification at 60 C. In the end, each reaction was run in triplicates for the normalization of the housekeeping gene b-actin. Primer sequences were as follows: b-actin 5 0 -TCTGCTGGAAGGTGGACAGT-3 0 (forward) and 5 0 -CTGGGT CATCTTTTCACGGT-3 0 (reverse), runt-related transcription factor-2 (Runx2) 5 0 -TCCTGTAGATCCGAGCACCA-3 0 (forward) and 5 0 -CTGCTGCTGTTGTTGCTGTT-3 0 (reverse), osteopontin (OPN) 5ʹ-TGTTCCTACCAAGATTATACCAAAT-3ʹ (forward) and 5ʹ-CGCTCGATTTGCAGGTCTTT-3ʹ (reverse), and osteocalcin (OCN) 5 0 -AAGCAGGAGGGCAATAAGGT-3 0 (forward) and 5 0 -TTTGTAGGCGGTCTTCAAGC-3 0 (reverse).
Plasmid transfer and luciferase assay
The BMSCs were transfected with pGL4.32 [luc2P/NF-kB-RE/Hygro] vector to determine NF-kB activity. pRL Renilla luciferase control vector, Promega, WI, USA was also used to transform cells into BMSCs using pGL4.32 [luc2P/NF-kB-RE/Hygro] vector as insider management. Two plasmids were purchased from Promega Corp., Promega, WI, USA and transfected into cells with Lipofectamineâ 2000 (Invitrogen Life Technologies, CA, USA). The cells were seeded at 0.5 Â 10 5 cells/well in a 24-well plate and were activated using 200 ng/ml of BMP-2, 10 ng/ml of TNF-a and/or AP, 24 h after plasmid transformation. The cells were grown at 37 C and collected after 48 h. A double luciferase reporter system (Promega Corp.) was used to estimate luciferase activity.
Cell spreading assay
Through detection of filamentous actin of the cytoskeleton of BMSCs, we investigated cell spreading. We incubated the cells on titanium plates for 24 h. The cells were fixed with 4% paraformaldehyde and permeabilized with Triton X-100 (0.1%). Then, cells were stained with rhodamine phalloidin (5 units,mL-1; Biotium, Hayward, CA, USA) for 30 min. We visualized the cytoskeleton by confocal laser scanning microscopy using a Leica Microsystems TCS SP2 (Heidelberg, Germany).
Statistical analysis
Statistical significance was determined by the Student t test. A p-value less than 0.05 was considered statistically significant.
Results

AP prevented bone loss and increased new bone formation in ovariectomized rats
As shown in Fig. 1A , histological tests of L4 models demonstrated an obvious recovery of the trabecular structure in the ovariectomized rats with AP treatment. This was consistent with the microstructural indices of trabecular bone density (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular space (Tb.Sp) in micro-CT image analysis (Fig. 1B) . To further confirm whether AP stimulated new bone formation, AP (50 mg/kg per day) was administered orally followed by tetracycline, alizarin red and calcein labelling, and the analysis of histomorphometric parameters indicated obvious differences between the groups, indicated by increasing MAR and MS/BS. (Fig. 1C and D) .
Then, to evaluate the effects of AP on BMSCs maintenance, the BMSCs from the rats of the OVX or OVX þ AP groups were examined via flow cytometry analysis. There were significantly more BMSCs positive for markers such as CD140a [28] in the AP group ( Fig. 2A) . These results indicate that AP administration increases BMSCs distribution. To further examine the effects of AP on BMSCs, the cells isolated from the sham, OVX and OVX þ AP groups were cultured in osteoblast differentiation medium for 2 weeks. Alizarin red S staining indicated that the area of calcium nodules was significantly higher in the OVX þ AP group than that in the sham and OVX groups ( Fig. 2B and C) . It was shown that the population of osteoblast precursor cells increased in AP-treated rats. To evaluate bone formation activity, serum levels of P1NP and osteocalcin, which are bone formation markers, were estimated by enzyme-linked immunosorbent assay (ELISA). As shown in Fig. 2D , both P1NP and osteocalcin levels were higher in the OVX þ AP group than those in the sham group. These results indicate that AP stimulated bone formation in OVX rats.
AP improved biomechanical properties of bone
With respect to deciding whether AP can improve bone biomechanical properties or not, we used an ex vivo axial compression test for the examination of biomechanical competence of the lumbar vertebral bodies. When Young's modulus was compared with the sham group, there was a theatrical drop in the lumbar vertebrae after OVX, which can be significantly improved by AP treatment. In addition, AP helped to rescue the maximum load decrease due to OVX ( Fig. 2E ).
AP stimulated osteoblast differentiation and cell spreading in vitro
First, we excluded the possibility of cell cytotoxicity of AP using proliferation analysis ( Fig. 3A and B) . To study AP's influence on osteoblastogenesis, we treated the BMSCs with osteoblast-inducing conditional media and indicated doses of AP during the course of osteoblast differentiation. After 2 weeks of culture after treatment with AP, we performed alizarin red staining and demonstrated that AP enhanced calcium nodule formation ( Fig. 3C and D) . These results were further confirmed by the upregulation of marker genes of osteoblast differentiation, such as Runx2, osteocalcin (OCN) and OPN (Fig. 3E ). Fig. 3F shows that confocal laser scanning microscopy can be used to observe the cytoskeleton of BMSCs after 24 h of culture. The cells in AP treatment showed clustering, confluence and multilayer morphology with more actin filaments linking to adjacent cells, but the cells in the control appeared dispersive, had a monolayer and were reduced in number (Fig. 3G ).
AP blocked TNF-aemediated suppression of osteoblast differentiation
It has been shown in the previous research that the influence of TNF-aeinduced NF-kB activation on bone creation is antianabolic in differentiating osteoblasts [29] . In the final period of osteoblast differentiation, features are formed based on creating mineral extracellular matrix. Therefore, AP's influence on the late period of osteoblast differentiation in the presence of TNF-a requires further study. Based on the study by alizarin red S staining, differentiation of BMP-2estimulated osteoblasts is impaired by TNF-a in a significant way, and this trend was ceased by the addition of AP (Fig. 4A) . The same trend was identified by subsequent calcified nodule quantification, which showed that differentiation of TNF-aemediated suppression of late-stage osteoblasts can be blocked by AP ( Fig. 4B and C). 
AP downregulated TNF-aemediated stimulation of NF-kB activity
It was found that NF-kB signaling played an important role in osteoblast differentiation. Particularly, it inhibits osteoblast differentiation by interfering with Smad activity downstream of BMP-2 or transforming growth factor-b (TGFb) [30] . Similarly, osteoblast differentiation and BMP-2 responsiveness could be increased by blocking NF-kB [31] .
To determine the mechanism through which AP may affect osteoblast differentiation, the influence of AP on NF-kB signaling was investigated. The function of AP in TNFaeinduced NF-kB activity inhibition was estimated by the luciferase assay (Fig. 4E) . It was shown that NF-kB luciferase activity increases in osteoblasts after TNF-a treatment. Luciferase activity stimulation was significantly weakened by AP, which shows that NF-kB activation and suppression is affected in a dose-dependent manner. It was also shown that, in osteoblasts, NF-kB signaling is suppressed by AP. In addition, to prove whether osteoblast differentiation is affected by the rescue of NF-kB activity or not, the expression of osteoblast-specific genes was estimated ( Fig. 4D ). AP seemed to keep the expression of the OCN gene in a significant way, which agrees with the previous conclusions. However, AP could help to rescue the expression of OCN in an efficient way when cells are overexpressing p65 (Fig. 4F ). All aforementioned studies show that AP mechanism of action in the differentiation of osteoblasts contains NF-kB stimulation and inhibition.
Discussion
In the current research, the influence of AP on osteoblast differentiation and function in rats were investigated. In vivo results demonstrated that AP stimulated new bone formation and enhanced bone mechanical strength. Moreover, it was found that AP promoted differentiation of osteoblasts and mineralization in vitro, which was further supported by the upregulation of osteoblast-specific gene markers such as Runx2, OCN and OPN in a dose-dependent manner. In addition, AP was found to significantly prevent TNF-aeinduced suppression of osteoblast formation and mineralisation. By studying the expression of Runx2, it was proven that AP protected against TNF-aeinduced suppression from the expression of osteoblast marker genes, which concluded that through inhibitory action of TNF-a prevention, osteoblast differentiation is restored by AP, which improves the expression of osteogenic-specific genes, alkaline phosphatase (ALP), OCN and OPN, in a dosedependent manner. The function of AP on the expression of genes requires further study. BMP-2 has significant upregulation expression of osteoblast-specific genes compared with the negative control, but this influence will disappear when TNF-a appears. The additional AP is totally different from TNF-aeinduced suppression of osteoblast gene expression in an effective manner, which indicates the AP's ability to block the osteoblastogenesis suppression at the level of transcription. Further studies are also needed to ascertain whether the influence of AP on osteoblast differentiation can be expressed by NF-kB activation suppression. The luciferase assay results allowed us to conclude that AP treatment suppressed NF-kB activation. In the meantime, AP-induced osteoblastogenesis was stopped by the overexpression of NF-kB subunit p65, which confirms that AP adjusted the differentiation of osteoblasts through NF-kB suppression. This observation was further supported by analysing osteoblast gene expression.
Recently, several studies have shown that the NF-kB pathway played an important role in regulation of osteoblast differentiation. Activation of NF-kB signaling decreased osteogenesis of mesenchymal stem cells. Initially, Jimi et al. [30] and Gilbert et al. [32] described that inflammation, especially TNF-a, could inhibit osteoblast differentiation through NF-kB signaling. Li et al. [33] demonstrated that TNF-a suppressed BMP-2 and mediated Smad activation by induction of NF-kB and overexpression of p65/p50 which mimicked TNF-a effects. Consistently, they also claimed that NF-kB pharmacological suppression augmented osteoblast differentiation and mineralization in vitro. Chang et al. [34] and Lin et al. [35] revealed that NF-kB activation was highly correlated with inflammationassociated bone diseases. Targeting NF-kB activity in mesenchymal stem cells (MSCs) had the potential to modulate bone loss or enhance bone regeneration and repair. Furthermore, Wang et al. [36] showed that NF-kB signaling played important roles in regulation of bone remodeling and that TNF receptor associated factor (TRAF) family members were vital mediators in NF-kB signaling. Carboxyl terminus of Hsp70-interacting protein functioned as a critical regulator in NF-kB signaling through regulation of multiple TRAF family members in osteoblast differentiation. Our study supports these results in BMSCs as blocking NF-kB showed increased osteoblast differentiation and BMP-2 responsiveness.
In summary, our study shows that the formation of new bone and prevention of bone loss caused by oestrogen deficiency can be induced by AP, thus improving bone quality and biomechanical properties. These in vivo effects were achieved by stimulating osteoblast differentiation and mineralization. AP may regulate osteoblastogenesis through the inhibition of the NF-kB signaling pathway. On the basis of the conclusions of current and past research, which indicates that AP had both stimulating effects on osteoblastogenesis and inhibitory activity on osteoclastogenesis, along with its safety in clinical practice, it is reasonable and responsible to propose that AP has a great potential to be an ideal antiresorptive and osteoanabolic agent to inhibit bone resorption and promote the formation of bone simultaneously to stop oestrogen deficiencyeinduced bone loss.
